GDNF or GDNF plus GFR␣1-Fc at E16 (Figure 2B
. At tional functions for this signaling system in the maturation or maintenance of connections. this time, a pronounced spontaneous outgrowth could also be observed. Intriguingly, the lack of responsiveness at this later stage cannot be explained by a A Local Source of GFR␣1 Promotes Directional Growth of Sensory and Sympathetic Axons downregulation of GDNF receptor expression (see Figure 1A) , and most likely reflects developmental changes We next investigated whether GDNF and GFR␣1 could affect the direction of axonal growth of sensory and in downstream signaling components. Together, these results indicate that exogenous GFR␣1 is able to posympathetic neurons when presented from a localized source. To this purpose, we cultured explants in collatentiate neurite outgrowth specifically at those times of development when it is maximally expressed in periphgen gels together with agarose beads soaked in different proteins. In the first set of experiments, E9 nodose ganeral targets, consistent with the possibility that targetderived GFR␣1 functions as an outgrowth-promoting glion explants were cultured in medium containing brain-derived neurotrophic factor (BDNF)-as a neurite factor. The persistent expression of neuronal c-Ret and GFR␣1 after the period of target innervation (i.e., E16), outgrowth inducer-together with beads soaked in BSA, GDNF, GFR␣1-Fc, or GDNF plus GFR␣1-Fc. In these together with the loss of neurite outgrowth responses to GDNF and GFR␣1 at these later stages, suggest addiconditions, only beads soaked in both GDNF and GFR␣1-Fc were capable of inducing a clear and robust ence of a uniform concentration of GDNF ( Figure 3B ). This chemoattractive effect of GFR␣1-Fc could also be directional outgrowth of neurites toward the beads (Figure 3A) . In the absence of GFR␣1-Fc, GDNF had only a observed in the presence of BDNF, for nodose ganglion explants, or nerve growth factor (NGF), for sympathetic very modest effect, while GFR␣1-Fc alone or BSA were completely inactive. Interestingly, however, an attractive explants, two strong inducers of neurite outgrowth in these neurons (data not shown). Together, these results effect of beads soaked in GDNF could be observed if soluble GFR␣1 was added to the medium ( Figure 3A) .
indicate that exogenous GFR␣1 can create positional information for c-Ret-expressing axons even in the presThe requirement of exogenous GFR␣1 for the effects of GDNF on the directional growth of nodose ganglion fience of a uniform concentration of GDNF and in the presence of other outgrowth-promoting factors. bers prompted us to examine whether a localized source of GFR␣1 could also influence the direction of neurite outgrowth in the presence of a uniform concentration of Immobilized GFR␣1 Can Drive and Reorient Axonal Growth along Sites of GFR␣1 Expression GDNF. Explants of E9 nodose and sympathetic ganglia were cultured in medium containing a saturating dose GDNF and GFR␣1 mRNA and protein were also detected in mesenchymal and glial cells isolated from developing of GDNF together with beads soaked in GFR␣1-Fc or in control IgG. A strong directed outgrowth could be sensory nerves and expanded in vitro (data not shown), indicating that they could provide local stimulation to observed toward beads soaked in GFR␣1-Fc in the pres- growing sensory fibers during target innervation and finding behavior of pre-existing axons. To this purpose, we cultured explants of E9 nodose ganglia together with regeneration. Since GFR␣1 is initially synthesized as a membrane-anchored molecule, we investigated locala piece of nerve in collagen gel matrices, and placed rows of agarose beads soaked in GFR␣1-Fc at a right ized effects of GFR␣1 presented on rows of agarose beads directly in contact with ganglion explants cultured angle over the tip of the nerve. A combination of GDNF and BDNF was applied in the culture medium over a in a uniform concentration of GDNF, thereby mimicking a feature of the molecular environment encountered by period of three days. Control beads soaked in IgG had no effect on the direction of growth of axons emerging growing axons in developing nerves and targets. Neurites induced in the presence of GDNF, or a combination from the explanted nerve ( Figure 4F ). In contrast, beads soaked in GFR␣1-Fc produced a dramatic change in of GDNF and BDNF, ignored beads soaked in IgG and extended in all directions from the explant (Figures 4A the pathfinding behavior of sensory axons, which turned at a right angle to grow over the path delineated by the and 4B). In stark contrast, beads soaked in GFR␣1-Fc promoted a robust growth of neurites that followed the GFR␣1-containing beads (15 of 15 explants examined) ( Figure 4G ). Importantly, beads coated with GFR␣1-Fc path demarcated by the beads (15 of 15 explants examined) ( Figure 4C ). Even the additional neuritic growth had no effect on the direction of axon growth if GDNF was omitted from the medium (see Supplemental Figure  stimulated by BDNF was oriented to converge and grow over the beads containing GFR␣1-Fc ( Figure 4D ). At S2 on the Neuron website). We also asked whether GFR␣1 could alter the normal higher magnification, a dense web of neurites could be observed ensheathing the beads soaked in GFR␣1-Fc trajectory of axons within a nerve. For this purpose, we placed rows of beads soaked in GFR␣1-Fc at a right ( Figures 4E and 4EЈ) . These results indicated that, in the presence of GDNF, a spatially confined source of GFR␣1 angle in the middle portion of explanted nodose ganglion nerves. After three days in culture in the presence can act as a local directional cue for growing sensory axons, orienting and stabilizing them along sites of of GDNF, we observed extensive outgrowth of neurites emanating from the nerve and extending over the beads GFR␣1 expression.
The robust ability of exogenous GFR␣1 to promote containing GFR␣1 ( Figure 4H ); in some cases, axons were seen completely encircling the beads (10 of 10 and direct de novo axonal growth in the presence of GDNF prompted us to examine its effects on the pathexplants examined) ( Figure 4I ). Together, these localized first set of experiments, we used the motor neuron cell lated kinase activity in p35 immunoprecipitates without inducing appreciable changes in p35 levels ( Figure 5F ). line MN1 stimulated with either GDNF alone or a combination of GDNF plus GFR␣1-Fc. Using an in vitro kinase Using real time PCR, we could independently verify that treatment with GDNF and GFR␣1 had no effects on the assay with Histone 1 (H1) as exogenous substrate, a modest stimulation of Cdk5 kinase activity could be total levels of p35 or p39 mRNAs in MN1 cells (data not shown). Together, these results indicate that the detected after 4 hr treatment with GDNF ( Figure 5A ). Addition of GFR␣1-Fc together with GDNF resulted in combination of GDNF and exogenous GFR␣1 can promote sustained activation of Cdk5 in MN1 cells via the a more pronounced and sustained activation of Cdk5 which lasted for at least 8 hr ( Figure 5A ). Kinase activity MEK/Erk and PI3K pathways, and suggest the participation of the Cdk5 activator p35. However, although Cdk5 in Cdk5 immunoprecipitates could be blocked by the specific Cdk5 inhibitor Roscovitine ( Figure 5B ). Imporactivation by GDNF and GFR␣1 requires de novo transcription and translation, the mechanism of kinase actitantly, Roscovitine did not affect Erk phosphorylation under the same conditions (data not shown). Activation vation does not appear to involve upregulation of p35 or p39. of Cdk5 could be blocked by the MEK inhibitor PD98059 and by the PI3K inhibitor Ly2940002 ( Figure 5C ), indicating the participation of both these pathways in Cdk5
Cdk5 Activity Is Required for Neuronal Differentiation of MN1 Cells Mediated activation by GDNF and GFR␣1. In contrast, the specific Src-family kinase inhibitor PP2 had no effect on the by GDNF and Soluble GFR␣1 In the presence of GDNF and soluble GFR␣1, MN1 cells regulation of Cdk5 activity by GDNF (data not shown). 
Requirement of Cdk5 Activity for GFR␣1-Mediated Neurite Outgrowth and Axon Guidance in Sympathetic Neurons
In agreement with the results obtained in MN1 cells, GDNF and soluble GFR␣1 also induced increased Cdk5 kinase activity in dissociated cultures of E9 chicken sympathetic neurons with a delayed kinetics ( Figure 7A ). This increase in Cdk5 activation could also be blocked by Roscovitine ( Figure 7A ). To determine the importance of exogenous GFR␣1 in the activation of c-Ret receptors in distal axons, we utilized compartmentalized cultures of sympathetic neurons. Stimulation of distal axons with GDNF and GFR␣1 induced activation of Cdk5, while treatment with GDNF alone had no effect ( Figure 7B ), indicating that exogenous GFR␣1 is required for activation of Cdk5 by a source of GDNF locally applied to axon terminals.
We then examined the requirement of Cdk5 activation for the neurite outgrowth induced by GDNF and soluble GFR␣1-Fc in sympathetic ganglion explants. In the presence of Roscovitine, neurite outgrowth stimulated by GDNF and GFR␣1 was severely impaired ( Figure 8A ). also revealed the inhibitory effects of Roscovitine on neurite outgrowth ( Figure 8B ). The participation of Cdk5 signaling in neurite outgrowth promoted by GDNF and GFR␣1 could also be demonstrated with the dominantdium containing GDNF and NGF. Neurites induced in the presence of GDNF and NGF were directed toward negative Cdk5 construct N144. In this experiment, expression of the dominant negative caused a marked the beads containing GFR␣1 ( Figure 7D ). In the presence of low concentrations of Roscovitine (12.5 M), howreduction in neurite outgrowth responses to GDNF ϩ GFR␣1 in sympathetic neurons ( Figure 8C) . ever, directed outgrowth of sympathetic neurites toward GFR␣1-containing beads was inhibited ( Figure 7D ). ImLastly, we investigated the role of Cdk5 in the ability of a localized source of GFR␣1 to promote directional portantly, under the conditions used in this experiment (i.e., low concentration of Roscovitine and NGF in the growth of sympathetic axons. To this purpose, we cultured explants of E9 sympathetic ganglia in collagen medium), the drug treatment had no effect on the overall neurite outgrowth response of the explants, i.e., axons gels together with beads soaked in GFR␣1-Fc in a me- For neurite outgrowth assay, chick nodose and paravertebral sympathetic ganglia were dissected at different times of embryonic (E) and GFR␣1-Fc were purchased from R&D. NGF was purchased from development (E6, E9, E13, E16). The explants were cultured in rat Promega, and BDNF was kindly provided by Regeneron Pharmaceutail collagen gels as previously described (Ebendal, 1989) in the ticals.
presence of the specified neurotrophic factors. For directed neurite outgrowth assays, 10 l of agarose beads (Sigma Chemical, Co) Cell Transfection, Plasmids, and Pharmacological were washed in PBS and incubated with 2 g of BSA, IgG, GDNF, Treatments or GFR␣1-Fc over night at 4ЊC in a total volume of 50 l. In some Transient transfection of MN-1 cells were performed in 24 well plates cases, 25 l of beads coated with GFR␣1-Fc were incubated with (1 g total DNA/well) in 0.5 ml of DMEM with 1% serum using GDNF (2 g) for 4 hr at 4ЊC, washed again, and inserted in collagen the Fugene-6 reagent (Roche). Transfection of primary sympathetic gel matrices. After 3 days in culture, the explants were fixed with neurons was performed by the same method in DMEM:F12 serum-4% paraformaldehyde, permeabilized with 0.3% Triton X-100, and free medium. Plasmid cDNA encoding Cdk5DN (N144) was kindly stained as indicated below. provided by Dr Li-Hue Tsai (Department of Biological Sciences, University of South Carolina). Plasmid cDNA encoding GFP was Immunofluorescence and Microscopy from Clontech. The Cdk5 inhibitor, Roscovitine, was purchased from GFR␣1 staining was done on non-permeabilized, paraformaldeCalbiochem and used at the specified concentrations. The protein hyde-fixed dissociated neuronal cultures (or ganglion whole mounts) translation inhibitor cycloheximide (Sigma) was used at 25 g/ml, by overnight incubation with an affinity-purified anti-GFR␣1 antiand the transcription inhibitor actinomycin D (Sigma) at 2 g/ml. The expression of c-Ret, GFR␣1, GDNF, and L27 was analyzed by Instruments, Canada). Subsequently, a two chambered Teflon di-RT-PCR. Total RNA was isolated from nodose and sympathetic vider (Tyler Research Instruments) was seated on top of the tracks ganglia, carotid body, and the superior area of the heart (close to the as described previously (Campenot, 1992). Dissociated E21 rat supoint of entry of the great vessels) using SNAP columns (Invitrogen) perior cervical ganglion neurons were plated in one compartment according to the manufacturer's instructions. Single-stranded cDNA of a two-compartment chamber and maintained for 2 days in was synthesized using Multiscribe reverse transcriptase and ran-DMEM:F12 supplemented with 2 mM glutamine, 1 mg/ml BSA, dom hexamers (Perkin Elmer). The cDNA was amplified using the 10 M cytosine arabinoside (Sigma), and 100 ng/ml of NGF. After following primer sets: c-Ret: forward, 5Ј ATC CAG CTA TTT GCC 2 days, the medium was replaced for DMEM:F12 containing 20 ng/ml CCC AG 3Ј; reverse, 5Ј CCA AGG TTT CCA GTG CCT TTC 3Ј. L27: of NGF in the cell body compartment and 100 ng/ml of NGF in forward, 5Ј GAT GCC CAC CCG GTA TTC T 3Ј; reverse, 5ЈAGC AGG the side (i.e., distal-axon) compartment. The medium was changed GTC CCT GAA CAC AT 3Ј. GFR␣1: forward, 5Ј AGT GTC ATA AGG every 3 days, and after 10 days the cells were starved by incubation CCC TCC GG 3Ј; reverse, 5Ј CAG GAG CAG AAG AGC ATC CC 3Ј. with anti-NGF blocking antibodies and then treated with GDNF or Real-time PCR was performed using a LightCycler rapid thermal GDNF ϩ GFR␣1 in the side compartment. Following 6 hr of treatcycler system (PE) according to the manufacturer's instructions. ment, the cells were lysed and assayed for kinase activity as above.
Reactions were performed in 25 l volume. Nucleotides, Taq DNA polymerase, and buffer were included in the LightCycler-DNA MasNeuronal Differentiation and Neurite Outgrowth Assay ter SYBR Green I mix (PE). For MN1 cell differentiation assays, the number of cells with neurites longer than 1.5 cell diameter were counted in random fields of three
